. Several further studies in this field have been summarized by Garg and Gaugler (1993 , 1994 , 1996 . A number of parametric studies have been performed by Garg and co-workers to determine the effect of several parameters, such as the effect of coolant velocity and temperature distributions at the hole exit (Garg and Gaugler, 1997b) , the effect of blade rotation and of the direction of coolant injection from the shower-head holes (Garg, 1997a) , the effect of spanwise pitch of shower-head holes (Garg and Gaugler, 1996) , the effect of coolant to mainstream mass flow and temperature ratio (Garg and Gaugler, 1997a) , and the effect of turbulence modeling (Garg and , 1997; Garg and Ameri, 1997; Garg, 1997b Garg, , 1997c 1997b) . We need to model this interaction in order to incorporate three-dimensional analysis in the design phase of a filmcooled blade.
Abhari
Herein, we analyze in detail the coolant flow structure issuing out of three staggered rows of compound-angled holes on a real blade, and its interaction with the mainstream, using a multi-block Navier-Stokes code. 
ANALYSIS

BLADE AND EXPERIMENTAL DETAILS
The experimental data on the VKI rotor with three staggered rows of shower-head cooling holes have been provided by Camci and Arts (1985), using the short-duration VKI Isentropic Compression Tube facility. Figure 1 shows the VKI rotor geometry along with cooling hole details. Three staggered rows of cylindrical cooling holes (d = 0.8 mm; s/c = -0.031, 0, 0.031) were located around the leading edge.
The row and hole spacings were both 2.48 mm.
These holes were spanwise angled at 30°from the tangential direction and drilled in a plane perpendicular to the blade surface. The blade instrumented for heat flux measurements was milled from 'Macor' glass ceramic and 45 platinum thin films were applied on its surface. One cylindrical cavity of 4.5 mm diameter was drilled along the blade height to act as the plenum chamber, as shown in Fig. 1 (1985).
COMPUTATIONAL DETAILS
Before the flow solver can be used, the flow domain has to be gridded. The compound-angled shower-head holes present the greatest challenge due to the acute angle (30°here) with the spanwise direction.
For a real blade, the plenum extends radially from the hub towards the blade tip with bleed off of the coolant through the holes. A grid has been generated for the same configuration for the three staggered rows of shower-head holes on the VKI rotor, using the commercial code GridPro/az3000 (Program Development Corporation, 1997). The grid covers the inside of the plenum and hole-pipes for the coolant flow, and the outside of the blade for the main flow. Some details of the inviscid grid are shown in Fig. 2 . It may be noted that the flow solver is run on the viscous grid; the inviscid grid is shown here only for clarity.
The viscous grid is obtained from the inviscid grid by clustering the grid near all the solid walls. The clustering is done in such a way as to ensure that in the viscous grid, the distance of any cell center adjacent to a solid wall, measured in wall units (y+), is less than unity for the cases studied here, following Boyle and Giel (1992) . Details of the inviscid grid on the plenum, the hole-pipes and the blade surface are shown in Fig. 3 . As can be observed from Fig. 3 , the grid quality is very good even near the sharp corners at the intersection of hole-pipe and blade or plenum. Initially, the grid consists of 192 blocks but before the solver is used, it can be merged into just 36 blocks using the Method of Weakest Descent (Rigby, 1996; Rigby et al., 1997b) . The final viscous grid consists of a total of 150528 cells, with 16896 cells in each of the three holepipes, and 25216 cells within the plenum. For computational accuracy the ratio of two adjacent grid sizes in any direction was kept within 0.8-1.25. We may point out that using the commercial code GridPro/az3000, two multi-block grids were trust generated for the uncooled VKI rotor for a grid independence study. One grid had 1.7 times as many cells as in the second grid. The two grids yielded nearly identical heat transfer coefficient and pressure distributions at the blade surface. It was also found that a multi-block viscous grid with a total of 72704 cells gave the same heat transfer coefficient (within ± 2%) on the blade surface as reported by Garg and Ameri (1997) using a single-block C-grid with 292864 cells. This brings out clearly a virtue of the multi-block grid.
We may also note that the multi-block grid has better quality and provides a much finer resolution near and over the hole exits than the single-block C-grid. on the pressure side, as we will see), and the coolant flow at the exit plane of the other two holes, P on the pressure side and S on the suction side, is deflected considerably in the direction of the main flow at these locations, as we will observe shortly. Moreover, the velocity and temperature profiles at the exit plane of the holes do not follow the For the same case 155, Fig. 9 shows the contours for pk and pco at intervals of 0.0002 and 100, respectively, at the exit plane of the holes M, P and S in a setting similar to that for Fig. 8 . The profiles are again skewed in the direction of the main flow over the holes P and S. However, pro appears to be almost uniform over much of the hole exit-plane, except for the boundary layer effect near the hole-pipe wail.
Computations
In order to understand the interaction of coolant flow with the mainstream, Fig. 10 Figure 12 shows the coolant flow entering the holepipes from the plenum for the case 155 on the same lateral section as for Fig. 11 . While the coolant enters the hole-pipe M as expected, there is a more pronounced low-momentum region, but no separation, at entry to hole-pipes P and S on the side away from the hole-pipe M.
Note that only about half of hole-pipes P and S are shown in Fig. 12 for the sake of clarity. Due to the long length of the hole-pipes, (L/D = 6), the coolant flow straightens out in the hole-pipes before it exits on the blade side, as shown in Fig. 11 .
For the various cases analyzed, Table 2 lists the distribution of coolant mass flow through each hole-pipe, and average velocity and temperature for the coolant flow at the exit of each hole on the blade side. As can be observed from 
